Bacteria typically occur either as free-swimming planktonic cells or within a 22 sessile, biofilm mode of growth. In Pseudomonas aeruginosa, the transition between these 23 lifestyles is known to be modulated by the intracellular secondary messenger cyclic dimeric-24 GMP (c-di-GMP). We are interested in the control of distinct biofilm-relevant phenotypes in 25 P. aeruginosa through the modulation of intracellular c-di-GMP. Here, we characterise 26 motility and associated biofilm formation and dispersal in two pairs of related multi-domain 27 proteins with putative c-di-GMP turnover domains, selected to contain additional PAS (Per-28 Arnt-Sim) homology domains known for their ability to process environmental stimuli. The 29 enzymes PA0861 (RbdA) and PA2072 have distinct functions despite their similar domain 30 structures. The DrbdA deletion mutant showed significantly increased biofilm formation 31 while biofilm formation was impaired in DPA2072. Using a GFP transcriptional reporter 32 fused to the cyclic di-GMP-responsive cdrA promoter, we show correlation between biofilm 33 phenotype and c-di-GMP levels. Both proteins are shown to play a role in nitric oxide (NO) 34 induced biofilm dispersal. We further studied pseudo-enzymes of similar architecture.
Introduction number of P. aeruginosa proteins. CheA and the partitioning protein ParP were shown to complemented through protein structure homology modelling carried out using the SWISSmutation. This Km cassette was amplified from pCR™4-TOPO™ (Invitrogen) using primers Batch culture P. aeruginosa PAO1 biofilms. Overnight cultures were diluted into fresh M9 148 media (OD600nm ~0.01) to inoculate microtiter plates or MatTek plates (P35G-1.5-14-C), 149 using 100 µl or 3 ml of diluted culture, respectively. Microtiter plates were incubated 150 statically, while MatTek plates were shaken at 50 rpm to create shear force facilitating 151 biofilm formation, changing M9 media every 24 hrs. Biofilms in microtiter plates were 152 stained with 0.1 % (w/v) crystal violet and dissolved in 30 % (v/v) acetic acid. Biofilms in 153 MatTek plates were stained with LIVE/DEAD® BacLight (Invitrogen) and examined by 154 confocal laser scanning microscopy. Crystal violet staining was determined at a wavelengths 155 of 584 nm, while wavelength of 488 nm and 561 nm were used for SYTO-9 and propidium 156 iodide excitation, respectively. At least 3 image stacks were taken from random locations in 157 each MatTek plate. Biofilm biomass and surface coverage were analysed by COMSTAT 38 , 158 while microcolony sizes were analysed by merging confocal images stacks with ImageJ to 159 measure identified microcolonies with DAIME 39 . For NO donor experiments, 250 µM 160 Spermine NONOate (S150, Sigma-Aldrich) was added into MatTek biofilm plates and 161 incubated at 37 °C for 2 hrs to trigger dispersal. 162 NO donor release determination. The concentration of NO donor released from specific NO 163 donors ( Table S3 ) was quantified using a chemiluminescence-based method adapted from 164 Piknova et al. 40 . Once released from the donor, free NO and O3 formed activated NO2, which 165 emits a detectable photon upon relaxation. Both SNP and S150 were dissolved in M9 166 medium and tested at 37 °C. For SNP, two concentrations were tested under different light 167 conditions -5 µM was tested under normal light while 500 mM was tested with/without a 168 cold light trigger. For S150, 5 µM was tested under normal light. Values were compared 169 with standards determined from a sodium nitrate, tri-iodine solution. Details of the method 170 used are found in the supplementary data. 171 Determination of swarming motility. Swarming agar plates were prepared from 0.5 % (w/v) 172 agar (Sigma Aldrich) in 8 g/L nutrient broth (Oxoid) and 5 g/L glucose (Sigma Aldrich). NO 173 donor swarming plates additionally contained SNP at a final concentration of 1 µM. 174 Swarming plates were dried under laminar flow for 40 mins and inoculated with 3 µl late 175 exponential culture. Plates were incubated at 37 °C for 24 hrs under normal laboratory light conditions. For swarming agar with SNP, 10 mM SNP stock solution was made in sterilised 177 PBS and then incorporated into 50 °C swarming agar to a final concentration of 1 µM. incubated at 4 °C for 1 hr. Addition of 2 ml 1 M NaOH and 0.5 ml H2O was followed by 195 further incubation for 3.5 hrs. Supernatants were harvested by centrifugation at 4000×g (40 196 mins, 4 °C) and freeze-dried. Dried supernatant was dissolved in water and adjusted to pH 7 197 using H2SO4. The polysaccharide content was determined using the phenol-H2SO4 method 41 198 by measuring the absorbance at 492 nm; with glucose used as a standard. The protein content 199 was determined using the Coomassie (Bradford) protein assay kit (Thermo Scientific), 200 measuring absorbance at 595 nm; calibrated to a standard of bovine serum albumin.
201
Determination of the relative level of c-di-GMP in vivo (adapted from Rybtke et al 42 ). The c-202 di-GMP reporter plasmid (courtesy of A. Filloux, Imperial College London, UK) was 203 introduced into P. aeruginosa by conjugation. Cultures were inoculated in 10 ml M9 with 60 204 µg/ml tetracycline (OD600nm 0.001) and incubated for 22 hrs at 37 °C by shaking at 180 rpm.
205
Strains without reporter were used as a negative control. For NO donor treatment, 25 µM 206 S150 was added to cultures before incubation for an additional 2 hrs. Bacterial cultures (100 shown to be inactive as is indicated in solid colour in Figure 1 . For the proteins that were not 235 reported to be either active or inactive, we have investigated conservation of the enzymatic signature motifs as an indication of catalytic activity. For DGC domains, conservation of the for catalysis. For EAL domains, the EAL and DDFGTG motifs are required, contributing a glutamate and two aspartates to the catalytic centre, respectively.
240
We have investigated the conservation of these motifs through sequence alignment 33 . Where Deletion mutants for the twelve PAS domain containing DGC/PDE proteins shown in Figure   259 1 were constructed as described in the Methods. We selected the two mutants, DdipA and 260 DfimX, to understand how (partially/fully) inactive sensor-enzymes function in biofilm and 261 motility modulation. Additionally, we selected the mutants DrbdA and Dpa2072 to 262 characterise through which trait they exert effects on biofilm behaviour, as they showed a 263 striking difference in biofilm phenotype from an initial phenotypical screen (data not shown).
264
These genes encode proteins that are highly homologous in structure.
265
PAO1 biofilms reached maturation stages with substantial microcolonies after 48 hrs and 266 maximum surface coverage after 72 hrs under the experimental conditions used in this study.
267
To highlight differences in biofilm formation, biofilms were inspected after 48 hrs. Upon a first visual inspection of CSLM images, Figure 2A , much thicker biofilms than PAO1 WT 269 were observed in DrbdA, with increased microcolony formation but equal height at the base of 270 the biofilm. The opposite was true for Dpa2072 that lacks substantial microcolony formation.
271
The biofilms of the mutants DdipA and DfimX, on the other hand, are similar to PAO1 WT.
272
The biomass, the surface coverage and the maximum microcolony sizes were determined to DpilA (for analysis of pili and flagellum deletion biofilm phenotypes see Figure S1 ), further 406 supporting correlation between swarming and NO induced dispersal. Twitching areas were normalised to PAO1 WT. Table S3 were tested at concentrations 753 between 1-500 µM, using treatment times between 1-24 hrs. Crystal violet staining showed 754 that 250 µM SNP and 250 µM S150 were sufficient to induce a significant biofilm dispersal 755 (~60%) after 24 and 2 hours, respectively, and these donors were selected for further study 756 Figure S2A . 
